In this study, a split-gate resurf stepped oxide with a floating electrode (FSGRSO) UMOSFET has been proposed. The source in the trench is divided into two electrodes, namely: the upper electrode and the lower electrode. The upper one is the floating electrode, which redistributes the electric potential vertically, and improves the breakdown voltage and figure of merit (FOM). The breakdown (BV) and FOM of the FSGRSO UMOSFET have been improved up to 27.3% and 62.7%, respectively, compared with the SGRSO UMOSFET, according to the simulation results.
Introduction
With the development of power electronic systems, the power metal oxide semiconductor field effect transistor (MOSFET) device has become one of the irreplaceable important devices in the field of microelectronics because of its excellent performance. The breakdown (BV) and on-state specific resistance (R SP ) are the two most important characteristics of power MOSFETs. The R SP determines the power dissipation of the device, but it is difficult to realize a low R SP for the determined BV due to the one-dimensional silicon limit. Super-junction (SJ) structures [1] [2] [3] [4] in the drift region have been proposed in order to overcome it. The SJ can decrease the R SP effectively at a given BV. However, it is difficult to avoid the problem of doping interdiffusion in the production process. Therefore, a trench MOSFET with a new structure, the resurf stepped oxide (RSO) U-shape MOSFET(UMOSFET) [5] [6] [7] [8] [9] [10] , has been proposed to solve the problem between the BV and R SP . It is based on utilizing an electrode embedded within an oxide-coated deep trench as a part of the drift region [5] . Subsequently, a split-gate RSO (SGRSO) UMOSFET [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] with an isolated field-plate (FP) between the gate and drain has been proposed. Compared with the RSO UMOSFET and typical trench MOSFET, it exhibits relatively low switching losses. However, the field distribution in the drift region of this structure is not ideal compared with the SJ MOSFET, especially for breakdown voltages above 200 V [21] . Some new structures have been proposed in recent years, such as a split-gate UMOSFET with a linearly graded doping profile [11, 22] , slope-side oxygen [23] , or p-pillar [14, 16] . However, it is difficult to control the epitaxial doping in the actual process and produce a better slope-side oxygen or p-pillar. Therefore, research about the advanced SGRSO UMOSFET structure that adjusts the distribution of the electric potential vertically and improves the breakdown voltage without increasing the on-state specific resistance (R SP ) is an urgent problem that needs to be solved.
In recent years, a double SGRSO (DSGRSO) UMOSFET has been proposed, which has double electrodes in the trench and the lower electrode is floating [24] . However, the effect of the process on the thickness of the dielectric layer is not considered. In this study, a split-gate resurf stepped oxide with a floating electrode (FSGRSO) UMOSFET, as well as its fabrication feasibility, have been proposed in order to improve the FOM of the device. The source in the trench is divided into two electrodes, namely: the upper electrode and the lower electrode-the upper electrode is floating, which is opposite to the DSGRSO [24] . The floating electrode can redistribute the equipotential vertically, and obtains a better characteristic. The BV and FOM have been improved compared with the SGRSO UMOSFET according to the simulation results.
Device Structure and Principles of Operation
A simplified cross-sectional view of the FSGRSO UMOSFET is shown in Figure 1a . Conventionally, the split-gate electrode within the oxide-coated trenches is tied to the source in order to achieve charge-coupling during operation in the blocking mode, as shown in Figure 1b . In this work, a SGRSO UMOSFET has been proposed. The two field plates are dividedly in contact, as follows: the lower field plate (E 2 ) is in contact with the source electrode, and the upper field plate is floating. A thicker oxide serves as an isolation oxide between the floating and source electrodes. In recent years, a double SGRSO (DSGRSO) UMOSFET has been proposed, which has double electrodes in the trench and the lower electrode is floating [24] . However, the effect of the process on the thickness of the dielectric layer is not considered. In this study, a split-gate resurf stepped oxide with a floating electrode (FSGRSO) UMOSFET, as well as its fabrication feasibility, have been proposed in order to improve the FOM of the device. The source in the trench is divided into two electrodes, namely: the upper electrode and the lower electrode-the upper electrode is floating, which is opposite to the DSGRSO [24] . The floating electrode can redistribute the equipotential vertically, and obtains a better characteristic. The BV and FOM have been improved compared with the SGRSO UMOSFET according to the simulation results. A simplified cross-sectional view of the FSGRSO UMOSFET is shown in Figure 1a . Conventionally, the split-gate electrode within the oxide-coated trenches is tied to the source in order to achieve charge-coupling during operation in the blocking mode, as shown in Figure 1b . In this work, a SGRSO UMOSFET has been proposed. The two field plates are dividedly in contact, as follows: the lower field plate (E2) is in contact with the source electrode, and the upper field plate is floating. A thicker oxide serves as an isolation oxide between the floating and source electrodes.
The floating electrode can be regarded as an equipotential body in the electric field, and the surface of the floating electrode can be regarded as an equipotential surface. Therefore, the equipotential action of the floating electrode leads the high potential of the drain terminal to the source region with a low potential, and modulates the electric field of the drift region. It is similar to the resurf principle, which extends the depletion region to the entire drift region to reduce a high electric field at the surface of the source. As can be seen from Figure 2c ,d, a portion of the dense potential lines at the bottom of the trench are transferred to the upper and middle area of the trench, and the potential lines are more evenly distributed in the drift region, because of the equipotential action of the floating electrode. In addition, the distribution of the electric field for the FSGRSO UMOSFET is more uniform than that of the SGRSO UMOSFET, as shown in Figure 2a ,b. Therefore, the FSGRSO UMOSFET exhibits a higher BV and FOM. The floating electrode can be regarded as an equipotential body in the electric field, and the surface of the floating electrode can be regarded as an equipotential surface. Therefore, the equipotential action of the floating electrode leads the high potential of the drain terminal to the source region with a low potential, and modulates the electric field of the drift region. It is similar to the resurf principle, which extends the depletion region to the entire drift region to reduce a high electric field at the surface of the source. As can be seen from Figure 2c ,d, a portion of the dense potential lines at the bottom of the trench are transferred to the upper and middle area of the trench, and the potential lines are more evenly distributed in the drift region, because of the equipotential action of the floating electrode. In addition, the distribution of the electric field for the FSGRSO UMOSFET is more uniform than that of the SGRSO UMOSFET, as shown in Figure 2a ,b. Therefore, the FSGRSO UMOSFET exhibits a higher BV and FOM. The process for the fabrication of the FSGRSO UMOSFET is similar to that of the basic SGRSO UMOSFET structure, as shown in Figure 3 . This device structure was fabricated by starting with an n-type epitaxial layer grown on a heavily doped N + substrate. Next, a deep trench was formed by reactive ion etching. Then, a thick oxide was thermally grown on the trench surface and etched off to smooth the trench corners (a). Next, a 1.2-μm oxide was deposited on the trench surface (b). The trench was then refilled with highly doped n-type polysilicon, and etched back to the depth (c). 
Fabrication Procedure
The process for the fabrication of the FSGRSO UMOSFET is similar to that of the basic SGRSO UMOSFET structure, as shown in Figure 3 . This device structure was fabricated by starting with an n-type epitaxial layer grown on a heavily doped N + substrate. Next, a deep trench was formed by reactive ion etching. Then, a thick oxide was thermally grown on the trench surface and etched off to smooth the trench corners (a). Next, a 1.2-µm oxide was deposited on the trench surface (b). The trench was then refilled with highly doped n-type polysilicon, and etched back to the depth (c). Afterward, the trench was refilled with oxide by depositing it again. All of the exposed oxide in the trench was removed, except for a thicker oxide, which served as an isolation oxide between the floating and the source electrodes (d). Subsequently, a thick oxide and n-type polysilicon were deposited again in the trench. The polysilicon was then etched until it was recessed below the surface to a depth slightly below the depth of the p-base region (e). Then, the thick oxide was etched back and a 50-nm oxide was thermally grown on the trench sidewalls to form the gate oxide (f). Following this, a third polysilicon layer was deposited and etched back to the surface to serve as the gate electrode (g). Finally, the p + and n + ions were implanted for the source region, and the device fabrication was then completed by the deposition of the source metal layer (h). The process for the fabrication of the FSGRSO UMOSFET is similar to that of the basic SGRSO UMOSFET structure, as shown in Figure 3 . This device structure was fabricated by starting with an n-type epitaxial layer grown on a heavily doped N + substrate. Next, a deep trench was formed by reactive ion etching. Then, a thick oxide was thermally grown on the trench surface and etched off to smooth the trench corners (a). Next, a 1.2-μm oxide was deposited on the trench surface (b). The trench was then refilled with highly doped n-type polysilicon, and etched back to the depth (c). 
Results and Discussion
To compare the characters of the two structures, an extensive analysis of the device was conducted using the same structural parameters shown in Table 1 . They were adopted from the model of bandgap narrowing, the concentration-dependent mobility model (CONMOB), the parallel electric field-dependent mobility model (FLDMOB), and the Shockley-Read-Hall model [24] . For the SGRSO UMOSFET, the target breakdown voltage was designed to be 200 V, using the details given in Table 1 .
The results show that the new structure device has better BV and FOM characteristics compared with the SGRSO UMOSFET. Figure 4 shows the dependence of BV and FOM on the doping of the n-drift for the two structures. As the introduction of the floating electrode improved the distribution of the electric field in the n-drift, the BV and FOM (BV 2 /R SP ) of the FSGRSO UMOSFET were higher than that of the SGRSO UMOSFET in a 4.7 × 10 to 9.4 × 10 15 /cm 3 concentration. Furthermore, the gap of the breakdown voltage between the two structures' devices gradually widened with the reduction of the epitaxial doping concentration in the range of a doping concentration of 4.7 × 10 to 6 × 10 15 /cm 3 . It achieved 258.3 and 202.9 V for the FSGRSO and SGRSO UMOSFETs, respectively, which was an improvement of 27.3%. Then, the FOM (BV 2 /R SP ) of the FSGRSO UMOSFET improved by 62.7% compared with the SGRSO UMOSFET when the doping concentration was 6 × 10 15 /cm 3 . Figure 5 gives the FSGRSO and SGRSO UMOSFETs' dependence of BV or FOM on the mesa width (W M ) when the doping concentration is 6.0 × 10 15 /cm 3 . The results show that the breakdown voltage and FOM values of the devices with a floating structure were always higher than those with an ordinary structure, in the range of 2.0 to 5.5 µm. Because of the modulating effect of the floating electrode, the electric field distribution in the drift area was more likely to be uniform. Therefore, the device with a floating structure could reach the optimal value with a small mesa width, which can reduce the cell pitch, the on-off resistance, and the power consumption, and increase the original cell density and the current with the same chip area. The devices with a floating electrode and ordinary structure reached the optimal value when the mesa width was 3.4 and 4.4 µm, respectively, as shown in Figure 5 . The BV and FOM of the FSGRSO UMOSFET were improved by up to 27.3% and 62.7%, respectively, at a 3.4 µm mesa width. Figure 5 gives the FSGRSO and SGRSO UMOSFETs' dependence of BV or FOM on the mesa width (WM) when the doping concentration is 6.0 × 10 15 /cm 3 . The results show that the breakdown voltage and FOM values of the devices with a floating structure were always higher than those with an ordinary structure, in the range of 2.0 to 5.5 μm. Because of the modulating effect of the floating electrode, the electric field distribution in the drift area was more likely to be uniform. Therefore, the device with a floating structure could reach the optimal value with a small mesa width, which can reduce the cell pitch, the on-off resistance, and the power consumption, and increase the original cell density and the current with the same chip area. The devices with a floating electrode and ordinary structure reached the optimal value when the mesa width was 3.4 and 4.4 μm, respectively, as shown in Figure 5 . The BV and FOM of the FSGRSO UMOSFET were improved by up to 27.3% and 62.7%, respectively, at a 3.4 μm mesa width. The dependence of the BV and FOM on the thickness of the drift region (L) is shown in Figure 6 at a 3.4-µm mesa width for the two structures. The results show that the trends of the BV and FOM, depending on the thickness of the drift region, were similar for the FSGRSO and SGRSO UMOSFETs. Furthermore, the BV and FOM (BV 2 /R sp ) of the FSGRSO UMOSFET were higher than that of the SGRSO UMOSFET in 10-25 µm, due to the floating electrode. The breakdown voltage of the two devices rose and stabilized gradually with the increase of the drift region thickness. However, the FOM value decreased as the L increased above 16 µm, and achieved a maximum value when the L was 16 µm, because of the increase of R SP with the drift region thickness. Its optimum FOM and BV improved by 66.8% and 29.7%, respectively, compared with that of the SGRSO UMOSFET when the L was 16 µm, as shown in Figure 6 . The relationship between the structure sizes of the FSGRSO UMOSFET and the BV is shown in Figure 7 . The different values of the height (H 1 ) and width (T 1 ) for a floating electrode and the width of the source in the trench were considered. The effect of the equipotential gradually strengthen and the dense potential at the groove bottom gradually moved to the upper part with the increase of height in the floating electrode. Therefore, the BV of the FSGRSO UMOSFET was still higher than a device with ordinary construction. The BV of the FSGRSO UMOSFET achieved an optimal BV when H 1 was 5.2 µm, which means that the potential line of the drift region reached an optimum state. If the length of the floating electrode was continuously increased or decreased, the balance would be broken and the breakdown voltage would decrease at the same time. The neighboring oxide thickness decreased with the increase of T 2 , which must be sufficient in order to provide the desired charge coupling and support the entire drain-blocking voltage. The result shows that the BV achieved an optimal value when the T 2 and the oxide thickness were both 1.2 µm. The principle was the same as T 1 . To compare the characteristics of the FSGRSO and SGRSO UMOSFETs, we adopted the FOMs of BV 2 /R SP and R SP × Q gd . Figure 8 shows that the FOM (R SP × Q gd ) of the FSGRSO UMOSFET is slightly higher compared with the SGRSO UMOSFET, because of the floating electrode, E 1 , which requires more research in the future. Figure 9b . The Rsp of the device is the ratio of the applied VDS to the resulting IDS in the linear region of the operation, multiplied by the active area, and it varies with the applied VGS [25] . It is obvious that the FSGRSO UMOSFET had a higher drain current compared with the conventional structure when the VGS was 4, 6, 8, and 12 V, respectively. When the VGS was 6 V, the current of the FSGRSO UMOSFET even exceeded the current of the SGRSO UMOSFET, at 12 V in particular. The Rsp evaluated at VDS = 0.3 V, as a function of the gate voltage for the FSGRSO UMOSFET in contrast to the SGRSO UMOSFET, is shown in Figure 9c . The FSGRSO Figure 9a shows the output characteristics for the SGRSO and FSGRSO UMOSFET for all of the bias conditions when the BV is 200 V, as shown in Figure 9b . The Rsp of the device is the ratio of the applied VDS to the resulting IDS in the linear region of the operation, multiplied by the active area, and it varies with the applied VGS [25] . It is obvious that the FSGRSO UMOSFET had a higher drain current compared with the conventional structure when the VGS was 4, 6, 8, and 12 V, respectively. When the VGS was 6 V, the current of the FSGRSO UMOSFET even exceeded the current of the SGRSO UMOSFET, at 12 V in particular. The Rsp evaluated at VDS = 0.3 V, as a function of the gate voltage for the FSGRSO UMOSFET in contrast to the SGRSO UMOSFET, is shown in Figure 9c . The FSGRSO UMOSFET decreased the Rsp by more than 15% compared with the SGRSO UMOSFET. Furthermore, the FSGRSO UMOSFET had a better transfer characteristic at VDS = 0.3 V, as shown in Figure 9d , Figure 9b . The R sp of the device is the ratio of the applied V DS to the resulting I DS in the linear region of the operation, multiplied by the active area, and it varies with the applied V GS [25] . It is obvious that the FSGRSO UMOSFET had a higher drain current compared with the conventional structure when the V GS was 4, 6, 8, and 12 V, respectively. When the V GS was 6 V, the current of the FSGRSO UMOSFET even exceeded the current of the SGRSO UMOSFET, at 12 V in particular. The R sp evaluated at V DS = 0.3 V, as a function of the gate voltage for the FSGRSO UMOSFET in contrast to the SGRSO UMOSFET, is shown in Figure 9c . The FSGRSO UMOSFET decreased the R sp by more than 15% compared with the SGRSO UMOSFET. Furthermore, the FSGRSO UMOSFET had a better transfer characteristic at V DS = 0.3 V, as shown in Figure 9d , because the floating electrode could modulate the electric field in the drift region of the device and improve the breakdown voltage of the device. Therefore, a device with a floating electrode structure can increase the doping concentration of the drift region and reduce the resistance at a given breakdown voltage. The characters of the proposed structure have been compared with the one-dimensional silicon limit and other UMOSFETs in Figure 10 . We can see that the proposed device has a better performance over the previous power UMOSFET. Figure 10 . RSP as a function of the BV for the one-dimensional silicon limit, two-dimensional chargecoupling limits for the pitches of 4 and 8 μm, references [10, 26, 27] , and this work.
Conclusion
In this work, the FSGRSO UMOSFET has been proposed and verified, which has 258.3 V BV, 195 m•mm 2 RSP, and 341 V 2 / m•mm 2 FOM. The source in the trench is divided into two electrodes, namely: the upper electrode and the lower electrode. The upper one is a floating electrode, which redistributes the electric potential vertically and improves the BV and FOM. The BV and FOM of Figure 10 . RSP as a function of the BV for the one-dimensional silicon limit, two-dimensional chargecoupling limits for the pitches of 4 and 8 μm, references [10, 26, 27] , and this work.
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Conclusions
In this work, the FSGRSO UMOSFET has been proposed and verified, which has 258.3 V BV, 195 mΩ·mm 2 R SP , and 341 V 2 / mΩ·mm 2 FOM. The source in the trench is divided into two electrodes, namely: the upper electrode and the lower electrode. The upper one is a floating electrode, which redistributes the electric potential vertically and improves the BV and FOM. The BV and FOM of FSGRSO UMOSFET have been improved up to 27.3% and 62.7%, respectively, according to the simulation results. 
